PURPOSE. The goal of this study was to determine whether the medial rectus muscles of patients with a history of medial rectus underaction or overaction show alterations in the process of satellite cell activation when compared with normal age-matched control muscles. METHODS. Medial rectus muscles were obtained with consent from adult patients undergoing surgical resection due to medial rectus underaction or overaction and were prepared for histologic examination by fixation and paraffin embedding. Control muscles were obtained from cornea donor eyes of adults who had no history of strabismus or neuromuscular disease. Cross sections were obtained and stained immunohistochemically for the presence of activated satellite cells, as identified by MyoD immunoreactivity, and the presence of the total satellite cell population, as identified by Pax7 immunoreactivity. The percentages of MyoD-and Pax7-positive satellite cells per 100 myofibers in cross section were calculated. RESULTS. As predicted from results in the literature, MyoDpositive satellite cells, indicative of activation, were present in both the control and resected muscles. In the underacting medial rectus muscles, the percentages of MyoD-and Pax7-positive satellite cells, based on the number of myofibers, were approximately twofold higher than the percentages in the control muscles. In the overacting medial rectus muscles, the percentage of MyoD-positive satellite cells was twofold less than in the control muscles, whereas the percentage of Pax7-positive satellite cells significantly increased compared with that in the control specimens. CONCLUSIONS. The presence of an increased number of activated satellite cells in the resected underacting medial rectus muscles and the decreased numbers of activated satellite cells in the overacting muscles was unexpected. The upregulation in the number of MyoD-positive satellite cells in underacting muscles suggests that there is potential for successful upregulation of size in these muscles, as the cellular machinery for muscle repair and regeneration, the satellite cells, is retained and active in patients with medial rectus underaction. The decreased number of activated satellite cells in overacting MR muscle suggests that factors as yet unknown in these overacting muscles are able to affect the number of satellite cells and/or their responsiveness compared with normal agematched control muscles. These hypotheses are currently being tested. (Invest Ophthalmol Vis Sci. 2008;49:215-220)
S
trabismus is a disorder of ocular alignment of unknown etiology. 1, 2 The lack of knowledge about its cause may explain, in part, why surgical correction of strabismus and the maintenance of adequate alignment and binocularity are so difficult. 3, 4 Although recent genetic analyses of incomitant strabismus disorders demonstrated that the genetic causes that underlie specific congenital cranial dysinnervation disorders, such as CFEOM1 and -2, are due to mutations in genes critical to development of ocular motor neurons and their axonal connections, 5, 6 we are still a long way from understanding the possible genetic factors that underlie the various forms of complex strabismus that occur in the absence of known structural brain anomalies. Recent evidence suggests that comitant horizontal strabismus, such as congenital or infantile esotropias and exotropias, can be found in distantly related members of the same family. 7 The exotropias are oculomotor disorders in which there is an imbalance between an underactive medial rectus (MR) muscle and an overactive lateral rectus (LR) muscle. The surgical treatment can be achieved by a recessionresection procedure: the LR is recessed while the MR is resected. Congenital or infantile esotropias are convergent deviations, which usually need surgical procedures if angles of deviation are greater than 30 prism diopters. The realignment is obtained by weakening an "overactive" MR (recess procedure) associated or not with strengthening of an "underactive" LR (resection procedure), depending on the size of the deviation. In some cases, when the deviation is very big, even big recess procedures are not enough to realign the eyes. In these situations, resections or marginal tenotomies are alternative techniques. 8 The difficulty in producing a successful surgical outcome supports the idea that changes in the muscles themselves before, during, and after strabismus surgical corrections are performed are not well understood.
Adult mammalian extraocular muscles (EOMs) express several characteristics that are not normally expressed in adult nonocular skeletal muscles. For example, myofibers of adult EOMs continue to express molecules such as the neonatal and developmental myosin heavy-chain isoforms, 9 neural cell adhesion molecule, 10 and a variety of muscle mitogens and growth factors. 11, 12 These molecules are normally downregulated in mature limb skeletal muscle, where they are usually associated only with skeletal muscle development or regeneration.
Normal adult EOMs, unlike limb skeletal muscle, continuously remodel individual myofibers throughout life. 13, 14 In the unperturbed EOMs of adult humans, there is also a small percentage of activated satellite cells, the regenerative cell population found in skeletal muscle, positive for the myogenic lineage-specific marker MyoD. 15 This suggests that this process of myofiber remodeling occurs in human EOMs as well. MyoD is expressed in both activated satellite cells and myoblasts but not in myotubes, mature myofibers, 16, 17 or quiescent satellite cells. 18 Based on these data, our objectives were to determine whether the MR muscles of patients with a history of MR underaction or overaction show alterations in the process of satellite cell activation when compared to normal age-matched control muscles.
METHODS
Human MR muscles were obtained from patients undergoing surgery at the University Hospital in Ribeirão Preto (Table 1 ). All the patients were operated on while under general anesthesia, and they had had no previous EOM surgeries. The control MR muscles were obtained from cornea donor eyes of adults whose deaths were unrelated to muscular disease. Mean time to fixation of the control muscles was 3.3 Ϯ 3.1 hours. MR muscles were obtained from seven patients with a diagnosis of MR underaction and three patients with a diagnosis of MR overaction, and these were fixed immediately after surgical removal. All received resection surgery as part of their normal treatment plan. In the patients with an overacting MR, a small piece near the tendon end was resected. This study conformed to the ethical guidelines of the Declaration of Helsinki and was approved by the ethics committee at the University of São Paulo.
All muscles were fixed in 4% neutral formalin and embedded in paraffin. Sections were cut at 6 m and mounted and air dried overnight on subbed glass slides. Paraffin was removed from the sections by incubation in changes of xylene, followed by several washes. Sections were submitted to antigen retrieval by heating them in 1 mM EDTA (pH 8.0) in a laboratory microwave for 24 minutes at 94°. After cooling, the slides were rinsed in PBS, and endogenous peroxidase was blocked with 3% hydrogen peroxide in methanol at room temperature for 30 minutes. After a buffer rinse, nonspecific immunoglobulin binding was blocked for 30 minutes with 10% normal donkey serum in PBS. The cross sections were immunostained overnight for the presence of MyoD at a dilution of 1:100 (Abcam, Cambridge, MA) and for Pax7 at a dilution of 1:20 (Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA). Tissue sections were rinsed with PBS and incubated with biotinylated secondary antibody for 30 minutes followed by incubation with an avidin-biotin complex reagent (Vector Laboratories, Burlingame, CA). The reaction product was visualized using 3Ј,3Ј-diaminobenzidine (DAB kit) as the chromogen (Vector Laboratories). To confirm the specificity of the primary antibody, slides were incubated similarly except without incubation in primary antibody. A group of sections from each patient were double stained for MyoD or Pax7 and dystrophin. The dystrophin was visualized using the methods described earlier, with the following changes: The complete dystrophin primary antibody incubation process was performed before the MyoD or Pax7 immunostaining with an antibody concentration of 1:50 (Laboratory Vision, Fremont, CA), and the coloration reaction was performed with an alkaline phosphatase secondary antibody kit (Vectastain) and an alkaline phosphatase black substrate kit (Vector Laboratories).
Four sections from each muscle were prepared for each of the immunostains. The material was analyzed by counting all the MyoD-or Pax7-positive cells and the total number of myofiber cross sections in randomly selected fields. A minimum of 300 myofibers were counted for each control and for each patient MR muscle. For all data reported, the counts were calculated to determine the percentage of MyoD-or Pax7-positive nuclei present per 100 counted myofibers in cross section. At least four cross sections from each control, underacting, and overacting muscle were analyzed for individual myofiber cross-sectional area by manual tracing under bright-field microscopy, with a minimum of 100 myofibers measured for each cross section. Mean myofiber cross-sectional areas were calculated (Nova Prime image analysis system; Bioquant Inc., Nashville, TN). All data are presented as the mean Ϯ SEM. Statistics were analyzed with unpaired t-tests, and differences were considered significant when P Ͻ 0.05. An F-test was used to verify that the variances were not significantly different.
RESULTS
In the muscles of patients with a diagnosis of MR underaction, the percentage of satellite cells positive for MyoD per 100 myofiber cross sections was significantly elevated compared with those in normal age-matched control MR muscle (Figs. 1,  2 ). In both the child and adult muscles, the percentage of activated satellites positive for MyoD increased twofold over the control. Of interest, these MR muscles also appeared to contain more satellite cells, based on the percentage of satellite cells positive for Pax7 per 100 myofibers (Figs. 2, 3 ). This increase was again approximately twofold over the control values, which indicates that the proportion of activated satellite cells compared with the total number of satellite cells stayed relatively constant. Although cell size was not measured, the satellite cells were larger in the MR from the patients with strabismus (Figs. 3B, 3C ) than in the MR from the normal control muscles (Fig. 3A) . This size increase has been associated with satellite cell activation. 19 In addition to the significant upregulation of MyoD-positive satellite cells, there are myofibers with MyoD-positive myonuclei (Figs. 1B, 4) , extremely rare in normal EOMs.
In contrast, in the muscles of patients with MR overaction, there were 50% fewer MyoD-positive cells per myofiber in these muscles, a significant reduction compared with the agematched control MR muscles (Fig. 5) . In contrast, there was a twofold increase in the percentage of Pax7-positive cells per 100 myofibers in the overacting MR muscles, significantly increased compared with the percentage in normal control muscles (Fig. 5) . A comparison of the percentage of activated cells in both patient groups showed that 33% in underacting MR muscles and 6% in overacting MR muscles were in the activated state, as defined by the expression of MyoD.
Mean myofiber cross-sectional areas were determined, and no differences were seen between control MR muscles and the muscles of patients with either underacting or overacting muscles (Fig. 6) .
DISCUSSION
Little is known about the changes in the EOMs in patients with strabismus. This study was directed at an analysis of the satel- lite cell complement in MR muscles of patients with strabismus. Although the etiology of most forms of strabismus is unknown, understanding more about muscle cell biology in patients with strabismus may suggest alternative approaches to the treatment of these disorders. In muscles of patients with strabismus who had underacting MR muscles, there was an upregulation in the number of activated and total satellite cells, based on the number of myofibers in cross sections, compared with the number in normal MR muscles from age-matched control eyes. There are several hypotheses that can be put forward to explain this observation. These changes may be intrinsic to the muscles themselves, or they may be secondary to changes in innervation. There are several studies that support motor innervation as a more likely primary cause of strabismus. Genetic studies of rare congenital cranial dysinnervation disorders that result in congenital incomitant strabismus and fibrosis of the EOM, including CFEOM1 and -2, have demonstrated that these disorders are caused by mutations in two genes, KIF21A and PHOX2A, respectively. 5, 6 Mutations in either of these genes results in defects in neuronal differentiation and neurite outgrowth. 20, 21 When the orbit and brain stem of patients with CFEOM1 and -2 were examined by using magnetic resonance imaging, the cranial motor nerves were either absent or showed significant hypoplasia. 22, 23 The causes of complex strabismus, however, are still unknown. 24 There is evidence that also supports the concept that intrinsic properties of the EOMs themselves play a role in either the development or maintenance of strabismus. It should be noted that although dysinnervation has been seen frequently in the magnetic resonance imaging of the orbits of patients with strabismus, the absence of the motor nerve is not always associated with EOM hypoplasia. 25 This suggests that the EOMs themselves have the ability for self-maintenance. There is a large number of patients with strabismus who show neither muscle or nerve hypoplasia nor atrophy, and a variety of possible mechanisms have been put forward to explain eye movement disorders, including increased innervation and alterations within the muscles themselves. 26 Several studies support the concept that the EOMs have unique responses to alteration in their innervation compared with limb skeletal muscle. For example, functional denervation due to a single injection of botulinum toxin into the EOM results in a significant increase in the number of activated satellite cells compared with normal controls, and this upregulation is maintained for several weeks. 27 In muscles that also undergo continuous myofiber remodeling, the laryngeal muscles, 28 significant increases in MyoD-positive cells were seen in these muscles, both acutely and chronically, after sectioning of the recurrent laryngeal nerve. 29 Although it was not possible to determine whether the increase in satellite cell activation and total number of satellite cells was primary or secondary in the MR of these patients with strabismus, there is no doubt that the EOMs from patients with a diagnosis of MR underaction differed from normal MR in their complement of these cells.
Several hypotheses have been put forward to explain EOM overaction. 26 These include one or more of the following: increased innervation; an increase in muscle cross-sectional area, both in individual fibers and total muscle cross sections; and/or changes in expression of individual myosin heavy chain isoforms. However, the actual state of the muscle in these patients is not understood. In the present study, in muscles of patients with strabismus who have overacting MR, there was an increase in the total number of satellite cells, but a decrease in the number of activated satellite cells, based on the number of myofibers. Of interest, in patients with a diagnosis of overacting inferior oblique muscles, there was a significant increase in satellite cells but there were also increases in activated satellite cells, as evidenced by an increase in MyoD-positive cells. 30 This difference may be the direct result of the differences in the etiology of inferior oblique and MR overaction. 26 In fact, when the eye is in the adducted position, inferior oblique muscle overelevation may be correlated to a possible hypoinnervation of the elevators of the eyes, especially the superior rectus. The inferior oblique, consequently, appears to be overactive when in reality it is not. It has been shown that patterns of nerve activation have significant effects on satellite cells in muscle. Previous studies have demonstrated that alterations in stimulation parameters result in an elevated number of satellite cells in the stimulated muscles. 31 In these muscles of patients with strabismus, it is not possible to determine whether these alterations are primary-that is, within the muscle itself-or secondary, due to changes in pattern of stimulation or alterations in innervation. However, the difference in the number of activated satellite cells in the "overacting" MR compared with the normal control muscles suggests several testable hypotheses. One possibility is that the reduction in the number of activated satellite cells may mean that the rate at which these cells fuse into fibers increases, being pushed by their environment into more rapid differentiation. This increase in fusion could be the result of a significant change in electrical stimulation from the oculomotor nerve. Changes in the pattern of electric stimulation is a known determinant of myogenic regulatory factor expression. 32, 33 It is also possible that there is a reduced number of MyoD-positive satellite cells in the overacting muscles due to increased apoptosis of these cells. Muscle precursor cells often respond to removal of muscle growth factors by serum deprivation in vitro, for example, by either increased differentiation or apoptosis. 34 Both of these processes may occur simultaneously. Further studies are ongoing to distinguish between these possibilities.
The goal of strabismus surgery is to alter the motive forces of agonist-antagonist pairs with the goal of sustained changes in the rotational position of the globe. Antagonist-weakening results in reduced tension in the surgically altered muscle for more than 3 weeks, 35 while increased muscle tension results in compensatory muscle hypertrophy. 36 When recession-resection surgery is performed, no net change in resting tension occurs, and compensatory muscle changes are also minimized. 37 The compensatory changes within the strabismic muscles, as well as in the EOMs after either resection or recession surgery, should be reflected in alterations in the cells that provide the myofibers' size, the satellite cells. In a study of rabbit EOMs, active and passive stretching of the EOMs as a result of resection surgery caused a significant increase in the number of activated satellite cells and their rapid entry into existing myofibers. This effect was seen in both the actively and passively stretched muscles as they remodeled because of the tension created by the surgery. 38 Thus, the recognition that the satellite cell population is altered in human strabismic muscles suggests that pharmacologic approaches would be an important addition to the armamentarium of treatments. Recent work has demonstrated that various myogenic growth factors can modulate muscle mass and force, both acutely and in a sustained fashion in adult rabbits 39 -41 and in developing chick EOMs. 42 This type of pharmacologic approach may be a useful alternative to surgical resection and recession procedures, because it avoids many of the potential long-term biomechanical hazards of surgery and may prevent the compensatory muscle changes that are known to occur with conventional strabismus surgery. 
